Large-scale extraction of power from tidal streams within the Pentland Firth is expected to be underway in the near future. The Inner Sound of Stroma in particular has attracted significant commercial interest. To understand potential environmental impacts of the installation of a tidal turbine array a case study based upon the Inner Sound is considered. A numerical computational fluid dynamics model, Fluidity, is used to conduct a series of depth-averaged simulations to investigate velocity and bed shear stress changes due to the presence of idealised tidal turbine arrays. The number of turbines is increased from zero to 400. It is found that arrays in excess of 85 turbines have the potential to affect bed shear stress distributions in such a way that the most favourable sites for sediment accumulation migrate from the edges of the Inner Sound towards its centre. Deposits of fine gravel and coarse sand are indicated to occur within arrays of greater than 240 turbines with removal of existing deposits in the shallower channel margins also possible. The effects of the turbine array may be seen several kilometres from the site which has implications not only on sediment accumulation, but also on the benthic fauna.
Introduction
Electricity generation from turbines driven by tidal currents present an attractive form of renewable energy, which is highly reliable and abundant in many coastal regions [8, 13] . The UK is known to boast a significant proportion of Europe's extractable tidal resource, a large part of which is found in the Pentland Firth [8, 45] . The Pentland Firth, shown in Fig. 1 , lies at the northern tip of Scotland separating the Orkney Islands from the mainland to the south. This region is well known for the high speed of its tidal currents [14] , and has consequently attracted significant attention as a possible site for the placement of tidal stream generators [45] . Promising regions for development are the Inner Sound, Outer Sound and South Ronaldsay Channel, shown in Figs. 1 and 2. Tidal currents within this region are influenced by local bathymetry and coastline, which ultimately determines their speed and direction [45] .
The tidal regime in this area is dominated by the M2 component and thus involves a semi-diurnal exchange of water between the North Sea and Atlantic Ocean [45] . Tidal current velocities are at their greatest within the Outer Sound, with a mean spring velocity of just under 3 ms À1 and current speeds exceeding 1 ms À1 for 80%
of each tidal cycle [45] . The Inner Sound and South Ronaldsay Channel also exhibit a useful tidal resource [8, 13] . Commercial exploitation of this resource is expected to begin shortly with the planned placement of a demonstration array of 1 MW rated tidal turbines in the Inner Sound by MeyGen Ltd., based upon plans published in 2011 [44] . This would mark the beginning of a staged development process, which may ultimately see the operation of a 398 MW turbine array within the Inner Sound in the coming decades [44] . Previous studies of tides in the Pentland Firth suggest that it features significant tidal asymmetry, with maximum current velocities during flood tide being up to 2 ms À1 higher than those during ebb tide [18, 45] . The nature of this asymmetry within the Inner Sound is discussed in Ref. [17] which presents the results of two Acoustic Doppler Current Profiler (ADCP) surveys of the Inner Sound. During flood tide, currents tend to flow west-east, and are concentrated within a distinct 'core' about 1 km south of Stroma [17] . During ebb tide currents flow east-west, the 'core' appears to be less distinct, and is located significantly further north. [17] also report the results of a sidescan sonar survey of the sea bed, which clearly indicates the presence of sedimentary structures concentrated in regions of low current velocities. Such results contrast with geological maps of the region, which suggest that the Pentland Firth is entirely composed of exposed bedrock [45] . Although the overall regime here is clearly erosional, very little is known about local scale variations in sediment transport, which serves to reinforce the need to understand these phenomena before the construction of tidal arrays gets underway. In order to begin to address such issues [17] construct a sediment transport model of the Inner Sound using the MIKE21 software package [47] . However Ref. [17] , did not include the effects of tidal energy arrays in their study, but did show locations of sediment accumulation. Many studies have indicated that the presence of a tidal turbine array within such a channel can have a significant influence on the flow regime and thus must be taken into account when attempting to assess the total extractable resource [2, 37, 38, 46] . Of particular interest to this study is the potential ability of a turbine array to divert peak flows away from their natural path and thus alter patterns of erosion and deposition of sediment within the channel. Previous work, such as the 1D simulation carried out by Ref. [38] suggest that changes to the sediment transport regime may be particularly significant if the tidal currents are asymmetric, at least in estuarine environments. In such a tidal regime the net movement of sediment can occur in either the ebb or flood direction [38] . The effects of tidal energy converters on sediment transport may be seen several kilometres from the site of the energy converters. Effects are commonly categorised as near-field (<1 km), far-field (1e10 km) and regional (>10 km) [46] . Modelling studies on a sand-dominated system around Alderney, just off the coast of France, showed the potential effects on sediment movement could cover over 100 km 2 [37] . The effect is not limited to open marine systems, such as around Alderney, with estuarine environments also similarly affected [2] . Moreover Ref. [2] , showed that the presence of turbines could also affect the distribution of faecal bacteria in the Severn Estuary, which is closely associated with sediment. Movement of sediment into and out of areas can affect the local fauna [46] and is therefore an important component of any site assessment. According to past surveys of the Orkney Isles, the sea bed in the area is dominated by rocky sea bed [9, 30, 45] which is classified as "Atlantic and Mediterranean high energy infralittoral rock" under the EUNSIS 2007-11 scheme, whilst sediment in the area is poorly to moderately well sorted, dominated by coarse sands and fine gravels [4] . In addition, there are gravel-sized benthic bioclasts on the North-East Orkney shelf, dominated by bivalves, barnacles, bryozoa and calcareous worms [21] and similar bioclasts are to be expected in the Pentland Firth as well. There will also be a supply of suspended sediment, though this is poorly understood, but values of 0.1e39 mg/l are thought to be derived from the North Sea [30] and similar values may flush through the Pentland Firth. Recent surveys have shown clear sediment banks in and around the Isle of Stroma (Fig. 3 and [17] ), where this study has focused. Sidescan sonar data collected in the area show several distinctive sedimentary features ranging from small-scale ripples to large waveforms [17] . Data collected by MeyGen Ltd. (Fig. 3) indicates the presence of a relatively large, elongated region of sediment extending east from the southern tip of Stroma and is roughly consistent with [17] . Given the presence of dunes and the close proximity to known coarse sediment accumulations such as Sandy Riddle to the south-east [4] , it is reasonable to assume that this feature is composed mainly of coarse sand and fine gravel. Such sediment is likely to be rich in carbonate material such as shell fragments, the potential sources of which are described by Ref. [21] .
Numerical modelling is currently the only viable way of assessing the possible impact of tidal marine energy converters before their placement. A number of studies have attempted to do this in various locations using a wide variety of models. However, few have been able to place individual turbines within the flow due to constraints on spatial mesh resolution. The ability to model all scales, from the regional scale (10e100 km) down to the near-field scale (1e10 km) and further into the fine scale regions around turbines (m scale), requires a computational model that can handle multiscale resolution. Previous efforts at tidal modelling have used nested models [27, 32] or simply not been capable of modelling a large area with sufficient resolution in the region of interest. [27] use a finest resolution of 1.5 km, whereas [32] use a resolution of 200 m for their idealised case. There are also numerical difficulties with using a nested model with tides [32] . Therefore, a common approach for multiscale modelling is to use unstructured meshes with either finite volume or finite element discretisation methods. A few assessments of potential sites for tidal turbines have been previously made with such models (e.g. Refs. [5, 17, 18] ), however they are still generally limited in the size of regional domain or have relatively coarse resolution near to the array. This paper describes a numerical modelling study carried out using Fluidity [22, 39, 40, 43] , a model that offers both depthaveraged and three-dimensional, non-hydrostatic approximations. It employs finite-element discretisations on unstructured meshes and hence is capable of using resolutions that can vary from sub-metre to 10's of kilometres within the same simulation. We first briefly describe the governing equations underlying the shallow water model used in this work, their discretisation within Fluidity, and describe the simulation setup, including mesh generation. A validation of the Fluidity model as applied to this problem is then presented. Several separate simulations were carried out, each with different numbers of tidal energy converters within the study site. In contrast to previous tidal turbine studies, Fluidity is capable of resolving individual turbines as a finite area embedded in the mesh. From these simulations we describe the potential impacts that the placement of tidal energy converters in this region may have on sediment transport and on the flow regime, a result lacking from previous studies.
Numerical model and problem setup

Fluidity
Fluidity is a highly flexible finite element/control volume modelling framework which allows for the numerical solution of a number of equation sets [42] and has been used in a variety of flow studies ranging from laboratory-to ocean-scale (e.g. Refs. [28, 29, 50] . In an ocean modelling context, Fluidity has been used to model both modern and ancient tides on regional and global scales [34,48e50] . Here, the depth-averaged shallow water equations are solved in a rotating reference frame in non-conservative form:
where u is the 2D, depth-averaged velocity vector, t represents time, h is the free surface perturbation, H is the total water depth, and n is the kinematic viscosity. The Coriolis term, fu The equation (1) is discretised using a mixed finite element pair, with a piecewise linear discontinuous Galerkin approximation (P1 DG ) for velocity and a continuous Galerkin, piecewise quadratic formulation for the free surface (P2). The resulting P1 DG P2 velocity/ free-surface discretisation has a number of desirable properties described fully in Refs. [10e12] . In addition to the discretisation of the linear shallow water terms described therein, we employ a standard P1 DG -discretisation with upwind fluxes and slope limiting [33] for the advection term and the Compact Discontinuous Galerkin scheme (CDG, see Refs. [41] ), for the viscosity term.
A two-level q method is employed for time-integration, combined with explicit subcycling for the advection step. Here q ¼ 0.53, which is close to the Crank-Nicolson scheme, and therefore minimises wave dissipation whilst maintaining stability. Two Picard iterations per time-step are used to linearise the nonlinearity in the advection and friction terms. Finally, the linear discretised systems are solved using iterative sparse linear solvers available in PETSc [3] . More details on the spatial and temporal discretisations available in Fluidity are described in Imperial College London, [31] and [42] .
Mesh generation
The simulation domain, shown in Fig further away was shown not to have a significant impact on the validation results. The coastlines were extracted from the "full resolution" data from the GSHHS database [51] . The bathymetry data was obtained from the Ref. [19] , at a one arcsec resolution (z30 m).
Unstructured meshes are able to accurately represent complicated coastline shapes and thus offer significant advantages over traditional structured meshes in ocean modelling [49] . The mesh used in this study, shown in Fig. 4 , was generated by Gmsh [25] . The mesh is generated in the UTM30V coordinate reference system and contains 379,368 nodes and 758,904 triangular elements. Mesh resolution varies from 20 km far from the coastline to 18 m at the turbine array. Fig. 4 Each square is then split into four equilateral triangles in the mesh (Fig. 4D ). The number of these mesh squares corresponds to the maximum number of turbine that were employed in this study. As explained in Section 2.4, the turbines were parameterised using an increased bottom friction in the squares. In runs with smaller numbers of turbines the same mesh with the same set of squares was used but the bottom friction was not increased in all of them.
Sediment erosion and deposition
Given the uncertainties in the suspended and bedload sediment supply in and out of the region, coupled with a lack of data on current sediment deposits, it is difficult to model suspended and bedload transport due to lack of boundary conditions. It is possible however, to gain significant insight into the sediment transport regime of a region by looking at the distribution of bed shear stress as this is the major control on sediment movement [34, 53] . This approach has been used previously to look at the distribution of sediments in the ancient past using Fluidity [34] . The bed shear stress can be used to determine the finest grain size that can be deposited in a region and is a critical first step to modelling suspended and bedload sediment transport. Given the short duration of the modelling study here, the changes to bed height are negligible over this period and hence will have a negligible effect on the flow and are thus not considered. Bed shear stress is calculated using:
where jjujj is the magnitude of velocity vector u, r is the density of seawater (assumed to be 1025 kgm À1 ) and C d is the bottom drag coefficient [34] . A constant value of 0.0025 was chosen to match the values given in Ref. [6] . This drag coefficient is only used in calculating bed shear stress and a different value is used for calibrating the flow velocity (see Section 2.5). Given the value of critical shear stress (t c ) for the sediment of interest, one can use the distribution of bed shear stress to determine the likely locations of erosion and deposition of that sediment type. The critical shear stress is related to the grain diameter (D) via the critical Shields parameter (b c ). This is given by
Although an exact value for b c is often difficult to determine, we use the values report in Ref. [6] . Table 1 displays values of t c for various grades of sediment. The value of r grain is taken to be 2650 kgm À3 , which is the density of quartz, and r fluid is 1025 kgm À3 . Note that the sediment in the region is likely to be non-spherical and have densities that vary depending on the organism from which the bioclast was formed. However, these uncertainties in values are not expected to have a significant effect on the results presented here.
Turbine parameterisation
Within the mesh the tidal turbines are represented as square regions of 18 m in width, which is the same as the diameter of the horizontal axis turbines described in Ref. [44] . These square regions are imposed as constraints in the mesh generation procedure, with edges of triangles exactly matching these rectangular regions. The simplest method of parameterisation involves modelling the turbines as individual regions of increased bottom drag; an approach that is frequently adopted in large-scale tidal array modelling [38] with depth-averaged models.
The drag force applied to the flow by the turbine is typically characterised as a quadratic drag law given by:
where C t is the thrust coefficient of the turbine, a function of the current speed, and A t its cross-sectional area. The thrust coefficient is not necessarily constant due to, for instance, cut-in velocities and power rating. Here, we have implemented an idealised thrust curve with a cut-in velocity, u in , of 1.0 ms
À1
, and a constant thrust coefficient with a value of 0.6 between the cut-in velocity and the rated velocity, u rated . Above the rated velocity, the thrust coefficient decreases to maintain a constant power yield in that region. Using actuator disc theory [24] , the power can be computed as (neglecting any blockage effects):
The thrust curve that maintains a power output of P(u) ¼ P(u rated ) exactly for u > u rated , involves the inversion of a higher order polynomial equation. Here, we have simplified the curve to an inverse cube of the speed, neglecting the variations in Ref. C P (u) given in (5) . As can be seen in Fig. 5 , the differences between the simplified curve and curve with exact constant power are small; we feel that this an acceptable approximation for use here given that we are considering an idealised turbine, it could easily be improved using a thrust curve from a real device which would not exactly match the above theory either. The simplified curve we use here is thus given by: 
where we use C t ¼ 0:6; u in ¼ 1:0 m/s, and u rated ¼ 2.5 m/s. With
gives a rated power of P(u rated ) z 1 MW. In addition, we have taken into account the drag of the support structure. Although various designs are being considered by turbine manufacturers, for simplicity we have implemented the drag equivalent to a pylon with a drag coefficient of C support ¼ 0.7, which is a typical value for flow past a cylinder at high Reynolds numbers, and a cross section of A support ¼ 3.5Â(H þ h), where (H þ h) is the total water depth and we assume a pylon diameter of 3.5 m. Thus the total drag force is given by
The enhanced bottom drag, c t > 0 in (1), applied over a square with area A square ¼ D 2 t acts like a momentum sink:
We choose the bottom friction coefficient c t such that this sink term is equal to the force in (7), averaged over the square:
The turbines were placed in an array of 10 rows (in the east-west direction) of 40 turbines with a distance of six diameters in each direction. To create a staggered layout, the turbines in the evennumbered columns where then shifted three diameters to the North, thus effectively creating 10 rows of 20 turbines in the odd numbered columns, and staggered in between them 10 rows of 20 turbines from the even numbered columns. The distance, in the east-west direction, between the turbines in each of the 20 staggered rows thereby becomes 12 diameters.
Such a staggered approach, with devices placed at a suitable distance such that their mutual influence is minimised, has been shown to lead to an increased power output [15] . The distances between the rows were chosen here such that 400 turbines could fit in the zone of highest current velocities. Additionally, the rather large distance in east-west direction was chosen to minimise the effect of turbines placed in the wake of upstream turbines, since the accuracy of the modelling of wakes is necessarily limited in a largescale depth-averaged model. However, we note that finding the true optimal layout of the turbine is a very complex problem [23] that needs to take into account the actual local current direction (which is not exactly east-west in this case) and how that changes after the placement of the turbines. Furthermore, there will be various restrictions on where turbines can be placed due to licensing and bathymetry constraints. For further discussions on the important topic of array staggering and spacing see Ref. [35] .
It should be noted that the full layout of 400 turbines used in this idealised scenario extends further east than the existing lease area for the Inner Sound. For runs in this work where the number of turbines, N, is smaller than 400, the identical mesh incorporating 400 square regions is employed but now the bottom friction is only increased in the N western most squares.
Simulation setups
A suite of simulations featuring arrays of 85, 240 and 400 turbines was setup for this study. The results of these were then compared with one another and with those from a simulation in which no turbines are present, giving four simulations in total. Each simulation features eight tidal components (M2, S2, K1, O1, N2, K2, P1 and Q1). Using the OSU Tidal Software (OTPS, [20] ), the free surface elevation was reconstructed and applied as a free surface boundary condition along the open boundaries (Fig. 4) .
In order to assess potential regions of sediment accumulation and erosion, Fluidity was set up to output both the instantaneous, mean and maximum bed shear stress at each node in the domain. Of these, the maximum bed shear stress distribution is perhaps the most influential in determining long term patterns of erosion and sedimentation [34] .
Calibration and model validation
A comparison was made between the predicted tides and measured data at a number of gauge locations (see Fig. 1 ). In addition the currents measured at a fixed ADCP location in the area of interest were compared with the model output.
At the gauge locations amplitude and phases of the main harmonic constituents were available. These were compared with those obtained from a harmonic analysis of 30 days of model output at the same locations. The result of this comparison can be seen in Table 2 . The amplitudes are fairly well matched in most locations. The largest error seems to appear at Station-53, which is furthest from the area of interest, where the model significantly over predicts the tidal signal.
The tidal currents in the Pentland Firth are for a large part driven by a phase difference in the tides across the channel. This can be seen in the table comparing the phases of Scrabster and Stromness with those at Wick and Station-53. The fact that these phases are closely matched by the model gives confidence in the representation of main driving mechanism of the flow in the Pentland Firth.
Some other authors [18, 1, 5] ; have commented on the influence of the choice of bottom friction coefficient on the representation of currents in depth-averaged models of the Pentland Firth. Both Refs. [18] and [5] find a value of c b ¼ 0.005 to give a closer match with measured ADCP data, which is higher than the typical value of c b ¼ 0.0025 often used in ocean models. Ref. [16] also seems to favour a higher bottom friction coefficient, although there is some ambiguity in their definition of the bottom friction term. Ref. [5] argue that this higher value may be ascribed to the exposed bedrock found in most of the Pentland Firth.
It was observed that the choice of bottom friction coefficient had little overall impact on the tidal gauge comparison. In Table 3 the RMS errors (in cm) are shown between modelled and harmonically reconstructed measurements at the gauges for two values of the bottom friction coefficient c b ¼ 0.0025 and c b ¼ 0.005. No significant difference in model errors in the free surface prediction was observed at the tidal gauges.
Since the main feature of interest for this study are the currents in the Inner Sound, a comparison with ADCP data located within the turbine array area (see Fig. 1 ) was used to further validate the model To assess the outcomes of this comparison we used bias in speed and direction, the RMS error in speed, and the scatter index, and the correlation coefficient. See e.g. Ref. [7] for details on how these statistics were calculated.
In Table 4 it can be seen that with a standard value of c b ¼ 0.0025 the currents, during both ebb and flood, are overestimated in the model. The value c b ¼ 0.005 changes this to a smaller underestimation of the current speeds. Also the direction of the tidal current during ebb improves with the higher bottom friction value. A directional bias during the flood remains. This is likely due to the much more complicated flow structure during the flood where the ADCP is located in a boundary current coming off the island of Stroma. Strong gradients in the flow mean that the results will be very sensitive to the exact location of the ADCP within that flow pattern. Data from multiple ADCP locations would be required to investigate potential differences in the spatial variation of the flow field. Based upon the results presented in this section a background friction value of c b ¼ 0.005 was used in all further simulations.
Results and discussion
Model prediction: unimpeded flow
Model predictions of current velocities within the Inner Sound compare well with previously published modelling studies [17] and measurements [26] . As expected, the highest velocities follow the deepest parts of the channel and thus are generally concentrated in a narrow 'core' in the centre of the Inner Sound. During flood the tidal flow enters the Inner Sound from the north-west and is deflected south-east by the southern tip of Stroma. Consequently, a strong velocity gradient forms east of the Stroma Skerries. Flow velocities within the central part of the channel are seen to exceed 3 ms À1 for a significant proportion of each flood tide. During ebb flow peak velocities are slightly lower and move north, away from the centre of the channel. Flow enters the Inner Sound from the east, but is deflected north-west by the Stroma Skerries and the core of the flow passes south of the sediment wedges as shown in Ref. [26] . This results in the formation of clockwise moving eddy structures west of Stroma. Fig. 6 shows a map of the Inner Sound displaying the difference between mean current velocities over a full 30 day tidal cycle of the simulation. This figure strongly suggests that the Inner Sound experiences an asymmetric tidal regime with mean velocities in the central and southern parts of the channel being greatest during flood. Note the ebb flow is greatest north of the sediment wedge, whereas the flood flow is south of the wedge (as shown in Fig. 3 ). This difference of flow structures is also shown in Ref. [26] (their Fig. 6a ). This implies a net movement of sediment from west to east in the southern part of the channel, but a net movement east to west in the northern part. However, ebb tidal velocities are dominant in some regions of the channel, particularly along the north-eastern coast of Stroma, where there is a net flow northwards from both ebb and flood tides to the northwards of Stroma, with particularly high residual currents. Thus, any sediment deposited in regions of low flow during one half of the tidal cycle is likely to be re-mobilised by the next. The placement of a tidal array within the centre of the Inner Sound is likely to deflect flow during both flood and ebb, perhaps exposing some regions to longer term sediment accumulation or removing existing sediment accumulations [17] . In addition, there is a zone of very low (near zero) residual current to the south of Stroma, which aligns with the sediment wedge as shown in Fig. 3 ).
In order to produce maps of possible sediment accumulation sites within the Pentland Firth, bed shear stress data output by Fluidity were coloured according to typical values of t c for coarse sand, fine gravel and medium gravel (Table 1) , indicating the regions in which these sediment types might accumulate if they were present in the flow. After each model run, one such sediment accumulation map was produced for peak flood (eastwards flow) and peak ebb (westward flow), thus showing the likely locations of sediment build-up during these tidal stages. A further map was then produced from maximum and mean bed shear stress data over a 30 day tidal cycle, showing the likely locations of long term sediment accumulation. Fig. 7 shows maps of bed shear stress distribution for peak flood and ebb tide in the unimpeded case. These maps are in broad agreement with [17] in that they show the development of an elongated bar region of coarse sand off the Southern tip of Stroma and its subsequent erosion during ebb tide. Our results are also similar to those shown in Refs. [26] ; but some details, especially on the ebb tide are different within the main channel south of Stroma. However, this work predicts that any sediment in the southern part of the channel would only collect in Gills Bay and should not extend into deeper parts of the channel as shown by Ref. [17] . This prediction is in closer agreement with the bathymetry and is perhaps a result of the bathymetry used. It is also encouraging to note the predicted regions of low bed shear stress along the south-western edge of the map along the coast and north-west of Swona which are in agreement with the benthic environment map presented in Ref. [45] .
Model prediction: increasing array size
Figs. 9 and 8 show the predicted patterns of sedimentation and erosion associated with flood and ebb tide for array sizes of 85 and 400 turbines. These maps reveal much about how the presence of tidal turbines could potentially affect sediment transport in the region. In each case, the turbine array is seen to divert peak flows away from the centre of the Inner Sound and increase bed shear stress close to its boundaries.
During flood this effect becomes highly pronounced (Fig. 8) , which indicates that the presence of 400 turbines has the potential to reshape or remove the bar of sediment that forms at the southern tip of Stroma at flood tide. In the case of 400 turbines (Fig. 8) , mean values of bed shear stress within the Inner Sound decrease by around 25 Nm À2 from their values in the unimpeded case (Fig. 10 ). This decrease is particularly acute downstream of the turbines and is sufficient to allow for the deposition of large regions of fine gravel and sand, particularly within the array itself. There is also significant erosion along the sides the tidal array due to diversion of the flow around it. Most changes are evident in a region around 15 km in the immediate vicinity of the turbine array. Note the modifications of the wake around Swona are not seen in the mean bed shear stress but are in the maximum bed shear stress. During flood tide the turbine array is seen to develop a significantly modified wake structure (Figs. 8 and 10 ). In the cases of 400 turbines, significant velocity shear zones develop north and south of the array as peak flow velocities are diverted towards the boundaries of the Inner Sound. This in turn affects the distribution of sediment accumulation around Stroma. Generally the presence of a tidal array is predicted to increase the volume of sediment within the Inner Sound, although much of this extra sediment is likely to build up in transient features that migrate according to the tides. The difference between the case with turbines and the unimpeded flow (e.g. Fig. 10 ) indicates relatively minor changes in the positions of regions of long term sediment accumulation below 85 turbines. However, the step from 85 to 240 turbines sees the development of a fine gravel deposit within the array itself, the extent of which grows further in the case of 400 turbines (Fig. 10 ).
The ebb tide shows similar effects. Fig. 9 indicates that accumulation of fine gravel may begin to occur within the turbine array after its rating exceeds approximately 85 MW during the ebb tide. Such accumulations may not hinder the operation of the turbines, but may increase maintenance costs and also may alter the distribution of benthic organisms within the Inner Sound [45] . A reduction of flow velocities through the Inner Sound also appears to affect the sediment transport regime elsewhere in the Pentland Firth, although it is difficult to determine a general pattern. During ebb tide, the large region of low bed shear stress west of Stroma appears to be modified with increasing numbers of turbines, although its northern limit remains fairly constant due to exceptionally high currents in the Outer Sound. An increase in flow Fig. 8 . Simulated sediment accumulation maps for 85 (top) and 400 (bottom) turbines during peak flood (west-east flood). When compared to Fig. 7 , the 85 turbine array appears to have a relatively minor impact upon the distribution of flow within the Pentland Firth. In contrast, the 400 turbine array appears to cause more substantial changes, with modifications in the distributions of sediment in the eddy to the east of Stroma. As in the ebb case, the eastern wake of Swona is also modified. Fig. 9 . Estimated sediment maps for 85 (top) and 400 (bottom) turbines during peak ebb (east-west flow). Increasing array size causes peak flows to migrate away from the centre of the Pentland Firth, where a band of coarse sand or fine gravel may develop. The wake around Stroma is substantially affected as expected, with reduced flow (finer grain sizes) in the array wake and into the eddy west of Stroma. Effects of the turbine emplacement are seen around Swona, some 15e20 km array from the array. Table 1 ).
velocities as two "jets" to the north and south of the array during ebb tide appears to modify the zone of sediment accumulation west of Stroma. Such zones of sediment accumulation may have their own effects upon flow distribution, perhaps serving to further modify velocities within the Inner Sound over the long term. The presence of turbines also affects the residual tidal currents (Fig. 11) . Effects are largely restricted to an area of around 10 km around the Inner Sound. The presence of 400 turbines reduces the eastward flow in the centre of the channel and this in turn results in deposition within the turbine array. There is a weakening of the residual current to the west of Stroma, resulting in a larger area of potential finer sediment deposition. The effects to the east of Stroma are limited to within a few kilometres of the turbine array.
Outlook
This study has highlighted the need to understand the potential changes in sediment pathways due to the emplacement of tidal marine turbine arrays. Our main finding from several simulations is that large deployments have the potential to cause sediment to accumulate within the array whilst altering erosion either side of and around the array. The area over which the effect of a tidal turbine array is seen, of course, varies with the size of the array. Small arrays have negligible effects at the far-field and regional scale. Once the array is of the order of 200 MW, the array produces effects at approaching the far-field scale, as shown in other studies [2, 37] . There are, however, limitations to the results presented here.
The lack of information on the suspended sediment load and existing pathways makes modelling sediment pathway changes difficult. Our model agrees well with the sedimentary features that can be seen on two independent bathymetries (Fig. 3 and [17] ). However, the literature suggests that these may be transient features e easily reworked by storms. Without more data on the sediment pathways in the area it is difficult to conclude what the long term effects of a tidal turbine array might be.
The representation of the turbines within the model and a depth-averaged approach does not allow for changes in velocity with depth to be assessed. Although using Fluidity's parallel scaling performance it would certainly be feasible to extend the model to multiple layers, it would still come at significant cost. Furthermore significant work would have to go into the validation of the turbulent wake structure behind the turbines to be able to obtain a reliable prediction of the vertical structure of the near field flow. Nevertheless, such a model could provide valuable insights into changes of sediment dynamics in and near the farm area itself and would therefore be very useful for both operational purposes and environmental impact studies.
The results shown here show major near-field and minor farfield changes to sediment pathways due to arrays of above 85 turbines e below the currently proposed maximum array size. Most of the changes occur within close proximity to and within the array site, with substantial potential to accumulate sediments within the array and erosion of any existing surrounding sediment. This may have effects on coastal deposition in the area, but will most likely result in migration of existing sandbanks towards the lee of Stroma. Benthic fauna in the area could also be affected by changes in sediment accumulation, but nearby locations offer similar or identical conditions to those found in the Inner Sound and it is likely that no regional effects on benthic fauna will be seen. Also, the positive habitat-creation potential of marine developments have been discussed in the context of offshore wind [52] .
Conclusion
A multiscale resolution depth-averaged model, with resolution varying from 18 m to 20 km, has been used to simulate the placement of tidal energy turbines in the Inner Sound. This model can resolve individual turbines as a drag force applied over a number of mesh entities using this multiscale capability. The model has been validated against a number of tidal gauges and ADCP data in the region and provides good agreement to sea surface elevation changes and current velocities. Using this model, it can be shown that the placement of turbines has an effect on the local flow field, which in turn can have regional effects on the sediment routing in the area.
It is clear that the Inner Sound of Stroma offers a useful tidal resource, which has rightfully attracted significant commercial interest for the placement of tidal arrays. Although this region is generally classified as sediment starved [45] , local accumulations of coarse sand and gravel do exist and are predicted to migrate within the Inner Sound according to differences in flow conditions between ebb and flood tide. The Pentland Firth experiences significant tidal asymmetry, meaning that there is a net movement of sediment from west to east under natural conditions. However, the placement of tidal arrays with capacities in excess of 85 MW within the Inner Sound is likely to effect natural patterns of sediment migration. As flow is diverted around the turbines the most favourable region for sediment accumulation moves to the centre of the array, where long term accumulations of gravel and coarse sand may develop. Scouring and removal of existing sediment deposits to the north and south of the array is also expected to occur. These effects are unlikely to affect the operation of the turbines here due to the low sediment levels in the area. Finally, it should be stated that our results are somewhat indicative in that we are using idealised turbines, but nevertheless changes in sediment routing should be considered for other potential turbine sites.
